Previously, we showed that the addition of human erythrocyte glycosphingolipids (GSLs) to nonhuman CD4 ؉ or GSL-depleted human CD4
HIV-1 enters permissive cells by binding to the cellular receptor, CD4 (1), followed by gp120-gp41-mediated fusion of the viral and target cell membranes (2, 3) . In addition to CD4, several members of the chemokine-receptor family have been shown to act as necessary coreceptors for HIV-1 fusion and infection (4, 5) . Chemokine-receptor usage varies depending on the viral strain and the target cells used and is the primary determinant of viral tropism (6) (7) (8) . Although the discovery of chemokine receptors has revolutionized our thinking about the way HIV-1, HIV-2, and the simian immunodeficiency virus gain entry into the cell (9) , some crucial pieces of the puzzle are missing. Certain HIV-1 strains have been shown to infect CD4 ϩ cells in the absence of known chemokine receptors (10, 11) . Moreover, a panel of HIV-1 and HIV-2 strains, whose infection of CXCR4 ϩ CD4 ϩ RD rhabdomyosarcoma cells was inhibited by a mouse anti-CXCR4 monoclonal antibody (12G5), resisted 12G5 inhibition on T cell lines. These observations suggest that CXCR4 could be processed or presented differently depending on the cell type, allowing some strains to evade 12G5 inhibition. Therefore, it is conceivable that other cofactors, possibly glycosphingolipids (GSLs), are involved, enabling individual HIV strains to choose between alternate modes of entry into cells.
The GSL hypothesis is based on a number of observations, including recovery of fusion of nonsusceptible cells after transfer of protease-and heat-resistant components from human erythrocytes (12, 13) , physicochemical studies on the interactions of the gp120 V3 loop with defined GSLs (14) (15) (16) (17) , and inhibition of HIV-1 infection in vitro after treatment of cells with several inhibitors of GSL biosynthesis (18) (19) (20) .
Recently, we have shown that incorporation of GSLs isolated from human (but not bovine) erythrocytes into the membranes of fusion-incompetent CD4 ϩ cells complements subsequent HIV-1 fusion (20) . In this study, we have followed up on this observation by isolating individual components from the human erythrocyte GSL mixture by using silica-gel column chromatography and testing the fractions for HIV-1 LAI -gp120-gp41-mediated fusion activity after incorporation into CD4 ϩ nonhuman cells and GSL-depleted HeLa-CD4 cells (HeLa-CD4͞GSL Ϫ ). We have identified a neutral GSL fraction, fraction 3 (Fr. 3), in the crude GSL mixture, which conferred the highest HIV-1 fusion activity when incorporated into nonsusceptible cells. Structural analysis of this fusion-active fraction showed its chemical structure to be Gal(␣134)Gal(␤134)Glc-Cer (Gb3).
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polarity. The solvents were removed under vacuum, and the components of individual GSL fractions were detected by chromatography on silica-gel TLC. Bial's reagent, which detects sugars, GSLs, sulfolipids, and gangliosides, was used to detect the GSLs on the TLC plates.
Acetylation of Fr. 3. The GSL was acetylated with acetic anhydride͞pyridine in a 1:2 ratio (vol͞vol) for 24 h at room temperature. The reagents were evaporated under reduced pressure. The residue was taken up in water and extracted three times with ethyl acetate. The combined organic extracts were washed with water and brine and dried by filtration through a pad of sodium sulfate. The crude peracetate was purified on a silica-gel column with a gradient of CH 3 OH (0-3%) CH 2 Cl 2 .
Electrospray Liquid-Chromatography͞MS Analysis. A Hewlett-Packard 5989B mass spectrometer with an Analytica (Branford, CT) electrospray source was used to analyze GSL samples with the same parameters described (22) . Samples and known standards were injected onto a C-18 HPLC column (Phenomenex, Belmont, CA; 5 m; 2.0 ϫ 150 mm) and separated by using a mobile phase consisting of water͞MeOH with 0.5% NaOH͞hexane changing linearly from 12:88:0 to 0:98:2 (vol͞vol) in 7 min at the flow rate of 0.3 ml͞min, after holding at the initial composition for 3 min. The final mobilephase composition was maintained for 15 min.
NMR Spectroscopy. NMR spectroscopy was performed with a Bruker AMX spectrometer at 500 MHz (Billerica, MA). We collected 1 H one-dimensional spectra at different temperatures from 288 K to 323 K controlled by a Eurotherm variable temperature unit with an accuracy of Ϯ0.1 K. The 90°pulse width was 10.85 ms, and the sweep width was 5,000 Hz. The spectra were processed with Gaussian multiplication (lb ϭ Ϫ1, gb ϭ 0.1). Two-dimensional total correlation spectroscopy (TOCSY) was performed with the standard pulse sequence (23) , and the data were collected with a sweep width of 4,466 Hz in both dimensions and with a spin-lock mixing time of 65 ms.
High-Performance TLC (HPTLC) Immunostaining of Fr. 3. GSLs were separated on glass-backed HPTLC plates (Analtech) by using CHCl 3 ͞MeOH͞H 2 O (75:21.5:3.5, vol͞vol) as the mobile phase. The samples (5 g per lane) were run in duplicate sets. Plates were air dried and split into equal halves. A portion was sprayed with Bial's reagent, and the other part was stabilized mechanically by a 2-min bath in 0.1% polyisobutyl methacrylate in n-hexane. The dried plates were sprayed gently with PBS and immediately immersed into Tris͞BSA buffer to block nonspecific binding for 30 min at room temperature. The plates were then treated with appropriate dilutions of anti-GSL antibodies for 1 h at room temperature. Antibody binding was detected with an alkaline phosphatase detection kit (Boehringer Mannheim).
Enzymatic Analysis of Fr. 3. Dried aliquots of Fr. 3 and authentic GSLs (20 g) were digested by incubating for 2 h with an excess of (7,000 units) ␣-galactosidase A [␣GalA; prepared as described in ref. 24 in 80 mM sodium acetate (pH 4.1)͞0.25% Nonidet P-40͞0.25% sodium taurocholate]. After Folch partition (25), the lower phase was dried and redissolved in CHCl 3 ͞MeOH (2:1), and an aliquot was subjected to HPTLC. Spots were visualized by spraying with 0.1% 5-hydroxy-1-tetralone in 80% sulfuric acid (26) and scanned on a Storm 860 fluorescent scanner (Molecular Dynamics) with a blue fluorescent filter set (450-nm excitation filter; 520-nm emission filter) and a photomultiplier tube (voltage of 900 V).
Cells. GP4F, TF228, and HeLa-CD4 cells were obtained and grown as described (20) . GP4F cells were infected with the recombinant vaccinia vCB3 to express human CD4. To reduce surface GSLs from HeLa-CD4 cells, the cells were grown in the presence of the GSL-synthesis inhibitor PPMP (10 M) for at least 7 days as described (20) .
Addition of GSLs to CD4
؉ Cells. GSLs were added to CD4 ϩ cells as described (20) . Briefly, liposomes containing egg phosphatidylcholine͞egg phosphatidylethanolamine͞GSLs (3:1.5:1, wt͞wt; 0.9 mg͞ml total lipid) were prepared in PBS without Ca 2ϩ and Mg 2ϩ by extrusion through a 0.2-m filter by using an extruder (Lipex Biomembranes, Vancouver, BC). HeLa-CD4 cells on microwells (5 ϫ 10 4 per dish) were infected with PR͞8 influenza virus (A͞PR8͞34͞H1N1) overnight at 37°C. Target cells were treated with 5 g͞ml trypsin for 5 min at room temperature to convert the hemagglutinin precursor to its fusogenic form. Liposomes (1 ml) were allowed to bind to hemagglutinin-expressing cells. Liposome-cell fusion was induced by brief exposure (60 s) of the cells to pH 5.1, followed by incubation in DMEM supplemented with 10% heatinactivated fetal bovine serum, 100 units͞ml penicillin, and 100 g͞ml streptomycin. The modified cells were then used as targets in the cell-cell fusion assays described below.
HIV-1 Envelope Glycoprotein-Mediated Cell-Cell Fusion. To monitor cell-cell fusion, target cells were labeled with the cytoplasmic dye 5-and 6-{[(4-chloromethyl)benzoyl]-amino}tetramethylrhodamine (CMTMR; 10 M, excitation͞ emission 541͞565 nm) for 2-4 h at 37°C (13) . Cells expressing gp120-gp41 LAI (TF228 cells) were labeled either with the fluorescent membrane probe DiO (3,3Ј-dioctadecyloxacarbocyanine perchlorate; excitation͞emission 484͞501) or aqueous probe calcein-AM (excitation͞emission 496͞517 nm) as described (13) . Fluorescently labeled TF228 cells were cocultured with CMTMR-labeled target cells for 2-4 h at 37°C. For assays in which the HeLa-CD4 cells were treated with PPMP, all incubation media contained the inhibitor.
After fusion, the cells were examined with an Olympus IX70 inverted microscope (New Hyde Park, NY) with the U-MNG filter cube for the rhodamine probes and the U-MNIBA filter cube for the other probes as described (20) . Image analysis for dye mixing was performed with METAMORPH image analysis software (Universal Imaging, West Chester, PA). The total number of cells testing positive for each dye was scored. Bright-field images were used to distinguish false-positives where labeled cells were lying over one another without actual fusion. The extent of fusion was calculated as percentage of fusion ϭ 100 ϫ number of cells positive for both dyes͞number of cells positive for CMTMR.
RESULTS
Identification of a Fusion-Active Fraction. To determine the fusion-active GSL(s) in the human erythrocyte GSL mixture (Fig. 1A, lane 1) , we isolated individual components by using silica-gel column chromatography. We collected seven GSL fractions from the crude GSL mixture. The relative mobility of these GSL fractions on silica-gel TLC plates is shown in Fig.  1B . Liposomes, containing one of these fractions, were prepared and incorporated into the membranes of fusionincompetent cells. Fig. 1C shows fusion activity with GSLsupplemented CD4 ϩ GP4F cells. Fr. 3-enriched target cells showed the highest recovery of fusion, and fraction 6 also showed higher recovery than other fractions. Addition of fractions 1, 2, 4, 5, and 7 did not result in significant fusion. As can be seen in Fig. 1B, Fr. 3 is one of the minor components in the crude GSL mixture. Resorcinol spray analysis of the TLC (27) indicated that, of the seven fractions collected, only fractions 5 and 6 contained acidic GSLs (data not shown). Furthermore, Fr. 3 was not present in the bovine GSL mixture (Fig. 1 A, lane 2) , consistent with our previous observation that addition of GSLs from bovine erythrocyte membranes did not rescue gp120-gp41-mediated fusion (20) .
Structural Analysis of Fr. 3. Silica-gel TLC analysis of Fr. 3 (Fig. 2B, lane 1) showed a single component (Ͼ99% pure) with relative mobility very similar to that of Gb3 (Fig. 2B, lane 2) . Neither Fr. 3 nor Gb3 reacted with resorcinol spray reagent, indicating that Fr. 3 is a neutral GSL (data not shown). The chemical structure of GSLs of the ''globo'' series is shown in Fig. 2D . Fig. 2E shows mass ion chromatograms of Fr. 3 GSL containing 24:0, 22:0, or 24:1 fatty acyl moieties and their hydroxy derivatives. Presence of these fatty acids was also confirmed by the gas chromatographic analysis after transmethylation (data not shown). NMR analysis corroborated the data obtained from enzymatic hydrolysis (see below) and MS. Fig. 2F shows the 1 H spectrum of Fr. 3 in 98:2 DMSO-d 6 ͞D 2 O; the relevant peaks are labeled with arrows. Only one amide proton was observed (ceramide), and no acetate peaks were present, confirming the absence of amino sugars in the head group. In addition, there were no indications of the presence of neuraminic acid units in the molecule in the proton spectrum. There were three anomeric protons, and their spin systems were traced by total correlation spectroscopy (data not shown). Coupling constants measured for the anomeric proton doublets indicated two ␤-linked (7.6 and 7.7 Hz) and one ␣-linked (3.6 Hz) saccharides. Data for 13 C also showed the presence of three anomeric carbons and the one-bond 1 J CH coupling constants (measured in an heteronuclear multiple-quantum correlation spectrum) consistent with the stereochemical assignments of the anomeric centers. Exhaustive acetylation of Fr. 3 (see Materials and Methods) and purification yielded a compound with 11 acetate methyl groups present in the 1 H NMR spectrum. This number of free hydroxyl groups in the molecule was consistent with a trihexose-containing ceramide glycoside. In addition, comparison of the NMR data obtained for Fr. 3 with that of an authentic sample of ceramide trihexoside (Fig. 2B, lane 2, top  spot) and comparison of the NMR data obtained for Fr. 3 with the reported chemical shifts and coupling constants of synthetic Gb3 showed the two to be virtually identical. A minor set of peaks were observed in the fatty acid region of the spectrum, and these were attributed to a small percentage of material in which the length of the hydrocarbon chain attached at the ceramide amino group varied (see MS analysis, Fig. 2E ). To define the carbohydrate moieties of Fr. 3 further, we examined its interaction with an anti-Gb3 antibody (38.13; ref. 21 ) that is known to recognize the terminal Gal␣134Gal␤ motif (28). Fig. 2C shows immunostaining of Fr. 3, Gb3 and asialo-GM2 on HPTLC plates with 38.13 and an anti-asialo-GM2 antibody.
The 38.13 antibody reacted with Fr. 3 and Gb3 to similar extents but not with asialo-GM2, which contains Nacetylgalactosamine (␤134) as the terminal sugar group (Fig.  2C Center) . Conversely, the asialo-GM2 antibody reacted only with asialo-GM2 (Fig. 2C Right) . These results show that the polar head group of Fr. 3 bears Gal␣134Gal␤ sugar linkages.
To confirm the exact nature of carbohydrate motifs of Fr. 3 further, we performed enzymatic analysis of Fr. 3 by using ␣GalA, which is specific for the hydrolysis of the (␣134)-galactosyl linkage found in Gb3. Fig. 3 Left shows that treatment of Fr. 3 with ␣GalA resulted in the formation of a product comigrating with ceramide dihexoside, which we suggest represents Gb2. Before digestion, Fr. 3 migrated coincident with Gb3, used as positive control in this assay system. The ␣GalA preparation was tested for ␣-and ␤-glycosidase activity against synthetic substrates and shown to be reactive for only ␣-galactosyl-containing substrates. ␣GalA did not cleave sugar groups from Gb2, confirming the specificity of the enzyme. Fr. 3 was efficiently hydrolyzed by ceramide glycanase, resulting in the formation of ceramide and a trihexoside, confirming that the sugar attached to the ceramide in Fr. 3 was glucose attached by ␤-linkage (data not shown). Based on our structural analysis, we conclude that Fr. 3 isolated from a human erythrocyte GSL mixture is a ceramide trihexoside that possesses a polar head group identical to the well characterized Gb3.
Fusion Activity of HeLa-CD4͞GSL ؊ supplemented with GSLs. HeLa-CD4͞GSL Ϫ exhibit reduced susceptibility to HIV-1 env-mediated cell fusion (20) when cultured in the presence of PPMP, a competitive inhibitor of ceramide:UDPglucosyltransferase (29) . HeLa-CD4͞GSL Ϫ were supplemented with a variety of well defined GSLs, and their fusion with HIV-1 LAI env-expressing cells was monitored. Fig. 3 Right shows recovery of fusion activity after addition of either Fr. 3 or Gb3 to HeLa-CD4͞GSL Ϫ . Under identical conditions, addition of neither ␣GalA-treated-Fr. 3 nor Gb2, a precursor of Gb3, to the target cells rescued fusion activity, indicating that the Gal␣134 motif is critical. Gb4, the major neutral GSL in the human erythrocyte membrane (30) arises from Gb3 with addition of N-acetylgalactosamine to the terminal galactose residue of Gb3 in a ␤133 linkage (see Fig. 2 A) . Incorporation of Gb4 into the plasma membranes of HeLa-CD4͞GSL not result in recovery of fusion with TF228 cells (Fig. 4) . This observation suggests that the terminal ␣-galactose residue of Fr. 3͞Gb3 must be at the terminal position for HIV-1 envmediated fusion. It has been shown that the disialoganglioside, GD3, Gb2, and the monosialoganglioside GM3, specifically interact with HIV-1 gp120 (41), and recent studies have shown that human GM3 (but not bovine GM3) interacts preferentially to form a trimolecular complex GM3-CD4-gp120 (16, 17) . Fig. 4 shows that addition of none of these GSLs to HeLa-CD4͞GSL Ϫ promoted HIV-1 env-mediated fusion.
DISCUSSION
We found that CD4 ϩ cell lines, which are not susceptible to HIV-1 env-mediated fusion, became fusogenic targets after their complementation with Fr. 3, a minor component in the crude GSL mixture extracted from human erythrocytes. Fraction 6 also exhibited fusion-complementation activity, although to a lesser extent than Fr. 3. Because Fr. 3 contained only a single neutral GSL component as shown in TLC and because this GSL was also present at a low level in fraction 6, we applied a variety of biophysical, biochemical, and immunological methods to elucidate its structure. MS and NMR spectroscopy of Fr. 3 indicated the presence of three sugar molecules and a ceramide backbone, indicating that Fr. 3 is a GSL of the trihexosyl-ceramide type. Cleavage of Fr. 3 by ␣GalA and the specific binding of the anti-Gb3 mAb 38.13 to Fr. 3 confirm that the terminal sugar moiety of Fr. 3 is Gal␣134Gal␤1. Taken together, these data establish Fr. 3 as a neutral GSL containing the oligosaccharide sequence Gal␣134Gal␤134Glc, identical to Gb3. Addition of Fr. 3 or pure Gb3 (but not ␣GalA-digested Fr. 3 or Gb2) to HeLa-CD4͞GSL Ϫ complemented subsequent fusion with HIV-1 env-expressing cells, indicating the importance of the Gal␣134Gal␤1 motif. Furthermore, the inability of Gb4 to rescue fusion under identical conditions shows that the Gal␣134 linkage in the polar-head group of the GSL must be the terminal linkage required for HIV-1 fusion.
On certain Burkitt lymphoma cell lines, Gb3 has been identified as a GSL antigen, CD77 (21) , which seems to be involved in signal transduction leading to apoptosis (31, 32) . It serves as the cell-surface receptor for Shiga toxin and Shigalike toxin (Verotoxin; ref. 33) and is known to play a role in the affinity of the ␣ interferon receptors (34) . Gb3 is also closely linked to Fabry disease, in which patients lack ␣-galactosidase, causing a block in the catabolic pathway of this molecule, which results in accumulation of Gb3 (35) .
Although HIV-1 preferentially infects the cells of the monocyte͞macrophage lineage and T lymphocytes, previous reports indicate that Langerhans cells (36) , dendritic cells (37) , glial cells (38) , some colonic cells (15) , and B lymphocytes (39) are also infected by HIV-1. The presence of Gb3 on B cell lines (21) and human gut epithelial cells (40) suggests that it might play a role in HIV-1 infection in these cells. Because some cultured intestinal CD4 Ϫ cell lines support galactosylceramidedependent HIV-1 entry (14), we hypothesize that galactosylceramide promotes binding to gp120 and that Gb3 is involved in fusion in these cells. The CD4-transfected CXCR4 Ϫ human astroglioma cell line U87-CD4, which expresses a high level of Gb3 as indicated by staining with the 38.13 antibody (data not shown), is not susceptible to HIV-1 LAI infection, indicating that Gb3 is not able to act in the absence of CXCR4 for this viral strain. However, it is possible that Gb3 can serve as a coreceptor for other viral strains that enter U87-CD4 cells (10, 11) .
Gb3 is present at very low levels in CD4 ϩ lymphocytes (41) and is undetectable by 38.13 antibody staining on SupT1 cells (data not shown). Inhibition of HIV-1 envelope glycoproteinmediated cell fusion after treatment of SupT1 cells with PPMP (20) indicates that Gb3 may still may be involved at these low levels. Treating HeLa cells with PPMP did not alter the levels of cell-surface-expressed CD4 and CXCR4 as monitored by flow cytometry and fluorescence microscopy of specific mAbstained cells (data not shown). The reduced fusion susceptibility of CD4 
